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HYPOTHESIS ON UNIVERSAL EJECTION PROPERTIES
OF TURBULENT JETS OF GAS AND ITS AFPLICATION

By
0. V. Yakovlevskii

In the instance of a turbulent flow of liquids the transposition
of Navier-Stokes equations by replacing each of the parameters of the
moving medium with a sum of a certain average value and a pulsating
component leads to a very complex system, the solution of which is
usually attempted by two methods; namely, by statistical means or by
the use of certain semiempirical relationships. Certain results are
obtained through the semiempirical theory of turbulence, partially
solving the problem of the propagation of a free turbulent current
of an incompressible liquid in a motionless medium. However, due
to the absence of corresponding semiempirical connections essential
for closure of the equation system describing the propagation of a
gas jet in a moving medium, this problem has remained unsolved up to
this time, Only after research done by G. N. Abramovich /1/, who,
developing the ideas of L. Prandtl, found a semiempirical relationship
which associates the intensity of a turbulent expansion of the jet with
the values of the flow rate on the boundaries of the agitation region,
was it possible to solve. the problem of the propagation of the jet
of liquid within the flow of the same physical properties, and the
problem of a gas jet in a moving and motionless medium /2 - 4/,

Comparison of the solutions obtained by the experimental data




of various authors /3/ indicates that a semiempirical theory in
general terms correctly reflects the actual propogation process of
the gas jet. A systematic discrepancy in the calculation and test
results observed at q,(: un/ugy) > 0.35, is qualitatively explained
Ly the influence of a factor of initial turbulence of agitating
currents wvhich was not taken into account in the theory. However,
the caleculaticns indicate that the initial stage of the turbulence
must e very high — to the order of 10 — 15%. Since during a
sct flov in the various channels the stage of turbulence does not
crdinayily exceed 1 — 5% (i. e. these values determine the initial
turbulence ¢f the jet and the accompanying flow), it is evident,
that the indiccted qualitative explanation lacks an essential
expeiinental substantiation.

4L calculation of the associated discharge in jets of gas, pro-
pagating in a still or a moving medium, indicate that, in the area
of accord of the experimental and calculated characteristics of a
jet, the same cjection propertics as those of the corresponding
(with the same initial impulse and area of an exhaust jet cross-
section) submerged jet of an incompressible liquid are retained,

Tais fact has furtherad the idea regarding the universality of
the ejection properties of a turbulent jet, regardless of the external
conditions of its development. The specified hypothesis allovs,
without any specific difficulties, the use of a well-knowa and
extensively proven theory of a submerged turbulent jet of an in-

compressible liguid for finding laus of jet propagation under the
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most difficult conditions (anisothermal, wasteful discharge, dynamic
compressibility, and presence of a longitudinal pressure gradient,
etc.).

We note that the indicated hypothesis is based on the following
considerations: since the basic characteristic of a jet is its
impulse, and the main property is the ejection of the substance from
the surrounding medium, it is natural to assume that, during main-
tenance of a constant impulse of a jet, its ejection properties remain
invariable,

The hypothesis on universal ejection properties of turbulent
jets is analytically formulated in the following manner. If a given
jet (index i), precpagating under arbitrary conditions, and a standard,
submerged, isothermic, free jet (index a) both discharge from the same

nozzle and in the initial cross section have identical impulses,

M=t (0.1)

then these jets also possess similar ejection properties. 1In

other words, the laus of the growth in the mass of the jet concur

due to involvemeat in it of a substance from the surrounding medium

and fulfillment of condition (0.1) for a given and a standard jet:
Tl (0.2)

Here G is the gas discharge in the arbitrary cross section of

the jet, and x is the longitudinal coordinate read from the section

of the nozzle.




It is easily seen that by satisfaction of condition (0.1) and
by equality of the stages of the outlet apertures of the nozzles
(having the same geometrical form), the relationship of discharge
of a standard and an arbitrary jet is expressed by formula

Gmr Pao_ o
,;;-:]/ ‘-,;—VF (0.3)

where, hypothetically, Pgo is the density of the surrounding medium
into which the jet discharges,
Relationship (0.2), considering formula (0.3), is reduced to

a dimensionless form

Gy LN o8 == (0.4)
Covem (@=g =)

where rj is the initial radius of an axisymmetrical jet cx the
initial half-width of a plane parallel jet,

The hypothesis proposed above may also be formulated in the
following manner: the intensity of the growth in “he mass of the
jet (its ejection capability) is proportional to its initial impulse
dG/1t = idem,

If there are two jets discharging from geometrically identical
nozzles, then it is easily seen that the relationship of the given
increments of discharge (dG° = dG/Gg) in these jets may be expressed
by formula

dGy® _ Ef‘__:‘_’i,
P My Py

With the same initial impulses and stages of the outlet apertures
we have dGi ::Vp dG;, which is analogous to the above obtained

relationship (0.4).




Finally, it may be seen that the proposed hypothesis in the
case of a submerged sas jet corresponds in the first approximation
to the assumption on the universality of the profile of the relative
transverse velocity component: v/u, = idem,

This assumption, in conjunction with determinations of many
investigators /3/ establishes the fact that the profile similarity
of a longitudinal velocity component (v/up = idem) is equivalent
to the hypothesis on the universality of a kinematic flow pattern
in gas jets.

We show this by using an axisymmetrical jet as &n example

where the increase of the rate of flow in an arbitrary section of

the submerged jet dG = 27MgPe Vo rdx is represented in a dimensionless
form:

dG* _r '1,_,._ 07;.0 (P°= p;”.)-

dx® = " re ue P Yy Pe .

As wil! be shown below (2.4), the following relationship is

valid in the examined instance:

r Yy 1
— — T S ————
Pe Yo V-F.O (um, L0 P.)
where for not very high values p°, function & may be replaced by

constant & (u,/u,, p°) =~ const. Then

3
d: 1 const —= .

=V
An approximate accord between the expressed hypothesis (0.4)
and the assumption on the kinematic universality of jets v/up, = idem,
U/u, = idem, follows from this,

Analysis of known experimental and calculated data of various

authors shows that the growth in mcss along the submerged jet of




an incompressible liquid is satisfaccorily described by the following
generalized relationships:

for the basic section of an axisymmetrical jet

¢® °) z 0 (x° + By) (0.5)
fur the basic section of a plane-parallel jet
e °) = -\/x°Taz (0.6)
for the instance of an initial section of a plane jet
G (°) = vx* +1 (0.7)

In the first approximation this formula may also be used during
calculation of the initial section of an axisymmetrical jet.

Vith regard to the formulas which determine the law of ejection
of a turbulent jet for a substance from the surrounding medium, it
chould be noted that they noticeably differ with the various authors,
although being analogous in their structure, and in general satisfying
relationshi;s (0.5) - (0.7). For instance, for the main section of
an axisymmetrical jet of an incompressible liquid, coefficient oy,
according to the data of several authors, deviates from 0.11 to 0.20;
actually, hovever, the most frequently euncountered values g
according to data of articles /3 - 9/, lie in the interval 0.13 - 0.16.
The bagic caitse of similar divergencies, as vell as discrepancies
of the fornulas for determining attenuaticn of the axial velocity
of the jet, is due, in our opinion,to the illegibility in processing
experimental data. The authors seldom cite data on the distribution
of velocity and other parameters of flow in the initial section of

the jet; and on the initial turbulence, they refer the axial velocity




usually to either a maximum or to an average (by discharge or by
impulse) velocity value in the initial rection without specifying
which of the indicated means is used., As will be seer below,
calculation of the irregularity of the flow during its ou%let from
the nozzle (characterized by coefficients Nyye Nous “i) introduces
essentirl corrections into the calculation and should be performed
during the process of the test data vhen the calculated and test
results are compared.

thown here are coefficient values in formuilas (0.5) - (0.7)
correspoading to the available test datay
7y = 0.155, 2y = -~ 4.3, @9 = 0.376, 2, = 0, Yy = 0,0362,

‘¢ note that, due to ~n accumulation of experimentsl data and
alsc ¢fter o careful process of the already known test data on
isometric subnerged jets during fixed conditions in the initial
section, these values may possibly hzve to be c'anged somevhat
{in perticuler, the coefficients in formulas (0.5) - (0.7) may
become dependeat upon the initial stage of the turbulence in the
jet), Thus, in order to preserve the generality of further
comrutotions, for the present we will use the laws of ejection in
the form of gjeaeraldzed relationships (0.5) - (0.7).

It L. oact ¢ifficalt to obkzin the law of ejection for an
arbitrary et frem formalas (0.4) - (0.7). Thve, for the initial

scction of ¢ jet we have:

c° =\/ oy + 1 ; 0.8

and for the basic section of an exisymaztric jet we obtain




® =Yoo (° +8y) - (0.9)

By derivation of these dependencies, integration constants
are determined from the condition of conformity of the relationships
obtained vith the law of ejection for an isothermic submerged jet
at p° = 1. Generally sperling, the.~ integration coastants may
be the fuactions of che iritial paramecers of the jet (for example,
p°); but we will consider them here as coastants,

£s may De noted, the values characterizing kinematics of the
surrounding medium are nct entered on the right sides of relationships
(0.8) - (0.9). This indicates that, in accord with the zccepted
hypothesis, the relative velocity of the associated flow does not
influcnce the value of the added mass of the jet. This fact is
very challenging and may present interest in problems dealing wich
mixtvire and ccembustion in a flow, It particularly shows that the
mixing of a jet with the surrounding medii:i vhich develops a growth
in the mess of the gas dravm into the jet will also occur at cqual
velocities of the jet and the zssociated flou, Howvever, if the
impulse of the associoted flow is greater than that of the jet, then
the flov will be determined by characteristics ~f the asscciated
current; thus, in this instance the ejection capability (proportional
to the initial impulse in accordance with the accepted hypotliesis),
of the associated [low and not of the jet, plays a predominant role,

The above hypothesis expressed by fornula (0.4) is an alternate

for an equation of propagation of a turbulent gas jet, proposed by




the author and G. N, Abramovich in monograph /3/; and this equation,

together with equations cf impulse conservation and excess heat content,

corms a closed system for calculating gas jets in a moving medium /3/.
In separate examples below, results obtcined by practical ap-

plication of the proposed hypothesis, as well as their comparison

with corresponding experimental data, will be shown.

1. Initial Region of the Liquid Current in the Associated

Let us cxamine the initial region of the isothermic turbulent
jet propagatec in a moving medium, Based on the hypothesis concerning
the universality of the profile of an infinite excessive velocity, as

shown in /1/

pt = B=E 4y (n=1=2. n—u=0b)

Uy — U Nn—ys
from the equation of momentum conservation, and the rate and cross-
sectional equilibrium of the liquid for the contour Ky1y20h (Fig. 1),
the following dependence of the relative ordinate of the inner boundary

of the jet boundary layer from parameter m = u2/u1 can be obtained:

yT'=o.416+0.134m. (1.1)

Figure 1, A pattern of the flow in the agitation zone of the
initial area of the jet.




To solve the problem we nou have to find the change in
thickness of the frec boundary layer b along the length of the
jet. For this purposc G. N, Abramovich proposed /1/ a relationship
derived on the basis of L. Prandtl's ideas on the mechanism of
agitation in the jet. Howvever, as mentioned above,this m > 0.35
gives vesults which do not correspond with reality. Let us attempt
to usc our hypotuesis on the universality of the ejection properties
of a turbuicnt jet instead of the mentioned relationship. For this
purpose ve calculate the quantity of liquid in the arbitrary cross-

section of the initia’ region of a plane-parallel jet

G = 2gp1t (bo — 1) + 2g § P"dy.

Ve

For the instance p° = 1 heve ve obtain
Go=_€.=1+_"-(0.55+0.45m—.-%'— . (1.2)
G, b,
lere, by substituting dependence Co(f’) according to formula

(0.8) with p® = 1 and replacing value yy/b according to equation (1.1),

we get
- T °
b = gi3iso3t6m * -
Here with y = 0.0362 it follous
0.27___ A (1.3)
= <amm T
or
. b° _ [] .
b= )y 1+236m (1.4)

In Figure 2 dependence (1l.4) is compared with the corresponding

test data of the authur /2/ and B, A. Zhestkov /4/, and also with

10




the analogous dependence obtained by G. N. Abramovich /1/;

b=t (1.5)
It follows from a comparison of the calculated and

experimental results that formula (1.4), based on the adopted hypothesis

in a diapason of 0.35 < m < 1, corresponds better with the test points

than relationship (1.5); but at m < 0.35 both calculated curves

satisfactorily correspond with experimental values.
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Figure 2, Dependence of the reduced coefficient in

the thickening of the agitation area of an isothermic
jet (p° = 1) from parameter m; curve 1 by formula (1.4);
curve 2 by formula (1.5); points 3 by tests of 0. V.
Yakovlevskii /2/, and 4 by tests of B. A, Zhestkov /4/,

2. Turbulent Jet of Heated Gas (with Variable Thermodynamic

Properties) in an Associated Flow. Let us examine the basic region

of a turbulent jet of heated or cooled gas flowing into a motionless
or a moving medium of the same composition as the substance of the

jet (Fig. 3). Lately, in connection with the development of various

11
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Figure 3. Schematic drawing of the flow in the

initial area of the jet propagating in an associated

flow.
typee vi systems, a considerable interest has arisen toward jets of
highly heated gas (to 10 000 - 20 000°K).

At these temperatures, a physico-chemical conversion (dis-
sociation, ionization), is observed in gases, causing a substantial
change in its thermo-dynamic properties, particularly in heat-capacity,
which, under these circumstances, cannot be considered as constant
as is usually accepted during calculations cf anisothermal jets /3/.
A processing of the calculation data on the thermo-dynamic properties
of various gases, such as air /10/, shows that in the diapason of
pressure P, variation from 0.001 to 1000 ama and temperature T from
1000 to 12 000°K (this limit evidently may be increased to 20 000°K),
may be written to appear as the following equation of state

L=L(_{°_)‘ (2.1)
where i is the enthalpy, and exponent o for air has a value of 0,83.
By preliminary calculations for other gases the exponent has the same
order; thus, in the case of hydrogen o = 0.92, Further, we will use

the equation of state, appearing in the form of (2.1) with P = Po,

12




assuming that the free turbulent jets are isobaric,

Test data on jets of heated air /3/ allow us to consider
that their profiles of relative excessive velocity, like in
isothermal jets, are universal and may be satisfactorily expressed

by the following dependence:

Besides, let us assume that the profiles of the relative
excessive enthalpy are also universal at gas temperatures not
excecding 1000°K, and due to constant, specific heat correspond
with the profiles of the relative excescive temperature of the
jet, which, as knoin /3/, are universal, Let us consider that the
profiles of enthalpy are expressed by the dependence

. . 3
Ai°=%—.iﬂ=ﬁ=i—i;- (2.3)

For determination of kinematic and thermodynamic parameters
in the arbitrary point of the jet of heated gas, considering reclation-
ships (2.2) ond (2.3), the change of axial velocity and enthalpy as
wvell as the thickness of the jet remains to be found, depending on the
distance to its initial section, For this purpose we arrange a system
of 3 equations.

The first two equations express the laws of consecrvation of
the amount of the momentum and the excessive heat content in the jet;

and after simple transformations (e, g. /3/) they may be presented in

the following form:

4

Aup® [mody + (1 — mg) AyAup) = fi«:. Mau — MoMiu (2.4)

{—m,

13
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Bin® (MoBy + (1 — mg) ByAuye] = Lo PO R

P—1 (2.5)
Here
! dF ! dF
Al = S £ Au°—F- » A| = S L(Au")’ vl
Pom Pomn
° °
1 1
By =\ 2 Ar, By= \ 2 Arcauc?t
1 F F
] Pom 3 Pom
1 1 (2.6)
e {20 0 = 2 ()
R Fo ' ™ Pom \Yom | Fo
0 0
1
P Uy ig dF, 5 i
n~==‘ iy iy (U S my = —=2, = 2
) 5 Pom  Ygm ‘'om Fo o om Po Yoo

index 0 correspon’s to the initial cection of the jet, o to the
surrounding mediua, and index m to the axis cf the jct.

Let us indicate that the above re’ationships are of a
general character, and that during their derivation only the hypothesis
on the universality of profiles Au® and 4i° is used. BDesides, these
relationships arc adaptable to a plane-parailel as well as an axisymmetric

jet, in which case it becomes appropriate for these instances:

aF _dy _ o 'il_f’_:z%d(%):zgdg.

The above introduced parameters nj,, np, and nj characterize
non-uniformity of the velocity and the enthalpy (or the temperature)
profiles in the initial section of the jet; in a jet with an absolute
uniform velocity and enthalpy the parameters have identical values equal
one.

It should be noted that during calculations of turbulent jets

the distinction between the parameters of non-uniformity and one is

often disvepavded, thus producing results considerably different from




actuality. This especially concerns calculation of the jet in the
assocjated flow because, as seen by analysis of formula (2.4), the
influence of coefficieatrs ny, and n,, (by their distinction from one)
rapidly increases with the increase of parameter m, from its rero
value,

To illustrate this, it is seen that at an established turbulent
velocity profile in the initial section of the jet (i. e., when the
thickness of the boundary layer is equal to the radius of the exit
aperture) parameters nyy = 0.815, ny,, = 0.680 satisfy the degree of
dependence with exponent 1/7.

e use dependence (0.9) as the third relationship for closing
the calculation system, i, e., from now on, we will only examine
axis,mmetric jets, vhich are more frequently encountered in practice,
The calculation method fer a plane-parallel jet is analogous and
based on relationships (2.4), (2.5) and the ejection law for a plane-
parallel jet described by formulas (0.4) and (0.6).

It is easily shown that with the above introduced assumptions
on the universality of profiles Au® and Ai®, the relative gas discharge

ia an arbitrary secction of the jet is determined by relationship

> G 1 F °
G = g, = ay Fy [Mode+ (1 —mo) Aidun] (2.7
Here F F, 1
: dF
= = 4 A, = L L
G = § pudF, G, § pottodF o, ) § 5 T (2.8)

From a comnon snlution of equations (2.4), (2.5) and (2.7)
we easily obtain interesting dependent variables Aunf, Aim? and F/Fo

as functions of the reclative discharge G°® . the change of wvhich is

15
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described by relationship (0.9) in dependence upon the dimensionless

distance x°. We have:

moA, + (1 —mg) AAu,® | Ry —mghyy
ol "'o“: FA—mgABu,’ — & m(T—my) ’ (2.9)
Aimo = k(Au,..° ] (2. 10)

b Pomi—ny, 1—m, mA +(1—m)AAu,° .
Pp—1 Ryq—mgn,,, myB, + (1 —my) BAu,°® (2.11)

It will become evident from the following that valu~ kg
slightly changes in respect to the length of the jet with uniform
profiles of velocity and enthalpy in the initial section (n;,, =

ny, = n; = 1), and that this value is’ close to the value for an

i
isothermic submerged jet k; = 0.752 (in the case of a plane-parallel

isothermic jet kj = 0.860). In this manner relationships (2.10) and

(2.11) almost correspond to the linear relationship between the excessive

axial enthalpy and the velocity of the jet.

For determining dependencies of Aumo () and Aim° (), it is
necessary to know the values of A; and B;., Since profiles bu® and Af°
are in the cross-sections, like functions €, they are known; but value
P/Pom With the use of the equation of state (2.1) may be prescnted in

the form
a

e Po 3
Pom 1 + (py— 1) Ai®Ai )" (2.12)

then, following integration, the dependence of coefficients Aj and By
on values p, and Aim° may be found. However, for fractional values o
indicated above, the integrals in formules (2.6) during substitution of
dependen-ies (2.12) into them are not used in the elementary functions;

and thus, for their determination numerical calculations are performed




in the diapason for the change in the value (po - 1) Aiﬂf.from
0.75 to 20,0 at 0,5 <@ < 1, Empirical analysis of the results of
these calculations has shown that, within the indicated limits,
values A; and B; can be calculated with sufficient accuracy for

practical use by the following formulas:

A, = Po 7 0.257 p,*
11+ 0.280 (5, — 1) Ai ") ' Y 140650 (p,— 1) AP, )’
e 0.134 p,* R (2.13)
{1+ 0.760 (p, — 1) Ai,°)°
B, 0.428 p, B, 0.178 p®

" 14 0.500 (p,— 1) Ai )’ T U+0.730(5,— 1) i, 0
Substitution of relationships (2.13) with calculation of

formula (2.10) in equation (2.9) and replacement of value G° in

formula (0.9) during the use of apparent equality

p° = po’ (2.14)

permits us to obtain th~ relation between the axial excessive

velocity and the distance from the nozzle, in a final form:

Au,® 1.92%uie+ Bu,®  192v, (2.15)

Viz 3.895 Yulte + Au,,” <

Pl a, (=°+8,)
Here
1 4 0.650 (py— 1) k;Au,® 1o 140760 (p,— 1) k,Au,,’ &
Yo = [1 F0.280 (p,— 1) kBu,,” | * 127 | 1770.650 (p,— 1) kyBu,,°
m, = T Mot 2.16
Ho = 1—‘;»-, v WS T —my) ( )

The change in enthalpy Ainf along the axis of the jet {is

determined by means of relationship (2.10). Coefficient ki included

in the calculated cquations may be determined in the first approximation

17




by formula (2.11) in which values Ay, A,, By, B, are substituted,
having been calculated from relationships (2.13) with the use of
the coupling approximation

PoRi— Miu 1—m,

AT Bum® . (2.17)

Po—1 Reu

Aip® = 0.753

The calculations show that determinations of value k
determined in this manner.are very close to values ky found in
the second opproximation,

The rxial temperature of the jet T, during a knowa value

se O N . . .
AL " is determined by tables of thermodynamic functions for a given

gas (in the case of air - /10/) as a dependence Ty = Ty (ip) , where

o,

m=(io—ioc)Aim°+ion O (2.18)
The thickness of the jet (r° = r/ry, =4f F/Tg) in the
arbitrary section is found in equation (2.4) with the use of
- dependence &n,’ (¥) determined by relationship (2.15).
Thus, the above obtained cquatiows allow a determination
along the parameters of the jei and the associated flov in the

initial section (u,, Pyr Nyys 0y “i) of the change in the axial

u?
velocity and temperature,and also in the thickness of the jet,
depending on the dimcnsionless coordinate x°. The value of the
velocity and the enthalpy in the arbitrary point of the jet is
determined through their known values on the axis by means of
formulas (2.2) and (2.3).

In order to estimate the influence of parameter p,
characterizing the difference in the thermo-dynamic properties of

the jet and of the surrounding medium, on propagation of the jet




still medium (my, = O0).

let us examine the simplest case of & heated gas discharge into a

. N N

\5 i{t

culation; light points by tests of V.

culation; the points by tests with p°

In this case, from equation (2.15) with p,

. ‘ , X ".. ,5
15 N
r [
Um 2
05 15 25 x*

Figure 4. Change in axial velocity u°m along the isothermic
(0°= 1) and the heated (p° = 15) air jets; the curves by cal-

Ya. Bezmenov, and V, S,

Borisov, at p° = 15; the change in the axial temperature AT;
along the axis of heated (p° <+ 15) air jet; the curve by cal-

= 15.

= 0 after substitution of

coefficients oy and 81 by their corresponding numerical values, we

obtain the following formula for axial velocity of the jet

velocity of an anisothermal jet (2.19) heated

1 + 0.650 (pp — 1) kyup® ¢ 12.4v,
° = —
Um [ TH0.760 (fo — 1) AUy’ ] =—iaVn (2.19)
vhere
) pony—ny,, [ 1+ 0.730(po—1) ke’ )®
k¢ = 0.753 A1) [ T 0760 (= D k°,, (2.20)
or approximately,
—n,,
ki~ 0.753 __:::»—lf) . (2.21)

It follows from analysis of the law of attenuation of the axial

in relation to the sur-

| rounding medium that the axial velocity decreases at a considerably

a given value x° is inversely proportional tc

faster rate than that of an isothermic jet, during vhich value u’_ at

m

the square root of the

19




density ratio of the surrounding medium and the jet. Figure 4

illustrates calculated dependencies u°m (x°) for isothermic (po = 1,

or p° = 1) or highly heated (p, = 26, or p® = 15) jets of air dis-

charging into a motionless medium,

Experimental points characterizing the axial velocity in
a highly heated air jet, based on data of V., Ya. Bezmenov and V, S,
Borisovt are also given. As indicated by the results in Figure 4, the
calculating formula (2.19) obtained on the basis of the hypothesis on
the universality of ejection properties of turbulent jets satisfactorily
corresponds with test data up to very high values of parameter Po-

The attenuation curve of the excess axial temperature AT°m in
an isothermal jet is also shown in Figure 4; and the corresponding
experimental values, which are evidently close to the values calculated,
are also presented. It appears to us that this fact verifies the
negligible effect of radiant heat exchange, which was not considered
in these calc.ilations, on the thermodynamic properties of highly
heated turbulent jets.

In Figure 5 the calculated and experimental values of the
thickness of a jet of highly heated air are compared, and a curve
characterizing the change in the thickness of an isothermic jet along
its length 1is represented., It is cvident that the calculated thickness
of a heated jet, which favorably corresponds with the experimental data,
markedly excceds the thickness of an isothermic jet at equal values x°,

The calculation and experimental data, given in Figure 5, permits

k4 Data from this unpublished reference was made available to the
author when composing this article,

EY TR U ha
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Figure 5. Thickening of jets of isothermic (n° = 1) and heated
(p® = 15) air along axis x; curves by calculation; points, by
tests with p° = 15
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Figure 6. Change in the velocity head Ap° = Pm um2/p°uo2 along

tl.e axis of jets of heated (p° e 15) and isothermic (p° = 1)

air; curves, by calculation; points, by tests with p° = 15
us to draw a conclusion that, in spite of the difference in the thick-
nesses of isothermic and heated submerged jets, the angle formed by the
boundary of the basic region with axis x is evidently not dependent on
parameter p°, and its tangent has a constant value equal to 0.22,

Finally, a calculated curve characterizing the attenuation of

the velocity head along the axis of a heated ° = 15) air jet is
presented in Figure 6, and corresponding experimental points obtained
by V. Ya. Bezmrnov and V., S, Borisov are also plotted. A calculated
curve of the axial velocity head in an isothermic air jet is also
shown in this figure for the purpose of comparison. As may be seen,
concurrence of the calculated and the te#t results in this instance
(0° = 15) are completely satisfactory.

Comparison of the velocity head data on the axis of the jet at

21
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0° - 1 and p° = 15 is not beneficial to L. A. Vulie's /11/ hypothesis
on the universality of velocity head distribution in gas jets.

The calculated dependence (2.19) well satisfies the test data
also during small values p°. Hovever, it should e noted that during
p° £ 3 (i. e. at a ivempcrature of a jet not exceeding 1000°K) the

equation of state in an ordinary form should be used

L2 _L To,
Po Po T

and the specific heat capacity p should be considered ac constant,
Then in all the above obtained relationships, = 1 and subsequently
Po = p° should be considered. The calculations performed in this
manner for the case of a heated (p° = 2) submerged (my, = 0) jet are
compared in Figure 7 with the corresponding test data /7/. A complete
accord of calecuvlation with cxperimental results is observed.
Comparison of the attenuation curves of the excessive axial
velocity of an anisothermal jet ¢° = 2.04) propagating in the
associated flow (0 < mg < 0.5) with the test data /12/ obtained for
analogous conditions is given in Figuire 8 where n2u/nlu = 0.95 is
taken for all values m,, By analyzing this figure, it follows that
the hypothesis on the universality of the ejection properties of
turbulent jets is valid in an ordinary case for propagating

anisothermal jets in a moving medium,

3, Jet of aan Incompressible Liquid in an Associated Flow.

For a more precise definition of the role of parameter mg in the
propagation process of a turbulent jet, let us examine an individual

cace of an isothermic (p° = 1) jet discharging into a flow of liquid
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Figure 7. Comparison of calculated and experimental data on
axial velocity ujo of preheated (0° = 2) and isothermic (p° =z 1)
jets in the associated flow (n;, = 0.888 and ny, = 0.806); curves,
by calculation; points, by tests of Yu, V. Ivanov and Ch N, Sui
/7/ for values- 1 for o° = 2, m, = 0; 2 for p° -1, m, = 0, 3 for
p° = 1, mp = 0.65
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Figure 8. Change of the excess axial velocity Au in an isothermic
(p° - 2.04) jet propagating in tho associated £low (n,, /ny, = 0.95);
curveg, by calculation; points, by tests of 0, Pabst ;*

parallel to it. Under thesec conditions (0° = 1), using formulas (2.2)

and (2.6) we get

Ay =1, Ay = 0,257, Ay = 0.134, 3.1
and the final cquation determining the law of attenuation of axial

velocity assumes the form

1.92 po + Au®,, 12.4v,
Autm 3890P0+Au =73 ° (3.2)

The thickness .of the jet (r° = r/r, =VF/F,) at a given value
o (o] o

x° is determined from ecuation (2.4) with values of i*s entering co-
efficients d-termined by’parity (3.1).

For illustrating the characteristics of propagation of an
igothermic liquid jet in an associated flow (with njy, = ng, = 1),
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the respective curves of attenuation of the axial excess velocity
Au%,and the growth in the thickness of the jet r° at 0 g my < 1
are shown in Figures 9 and 10. As also follows from the theory of
G. N. Abramovich /3/, the presence of the associated flow leads to
an increase in the long range cffect of the jet, but with the approach
of parameter m, to 1, the displacement of the axial velocity attenuation
curve becomes weaker and weaker wuntil it finally attains its end
position with mg = 1, With this, the thickness of the jet, as with
m,# 1, increase~ longitucinally; vhereas, by theory /3/, the jet
with my z 1 does not mix with the surrounding medium,

Comphrison of the calculated values of the axial velocity
of an isothermic jet in an associated flow (0 < my < 1) vith the
corresponding test data derived from reference /7/ 1is given in
Figure 7. The initial irregularity of the jet correspoads with
nj, = 0.888 and nyp, = 0.3056, and is talkea into cousideration with the
additional information of Yu, V., Ivanov. It is evident that the
hypothesis on the universality of the ejection properties of turbulent
jets corresponds to actuzlity, also, in the case of propagation of an
isothernic jet in the associcted flou, the velocity of wvhieh does
not excced the initial velority of the jet.

4, L Lupersonic Jet Dicinz a Cz” :ulated and Uncalculated

Regime of Discharge, Ve pause to ezamine a case of a submerged

supersonic jet (my = 0). Propagation of a supersonic jet in the
asgociated flow may be analyzed by aunzlogous means. The equation

of the conservation of momentum can be presented in the form /3/
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Figure 9, Influence of paramcter m, on the atteavation in
axial velocity of an incompressible liquid jet in the associated

flow (n3, = ny, = 1)
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Figure 10. Influence of perameter m, r~ the thickness of an
incompressible liquid jet in th: associated flow (ny, = ng, = 1)

F, 1 — aA,! J
un®Ay= T [mun + 155 n— 1) 3]

- P _P c .

=3t a=gFr.  n=esp =il @

liere 1’0* and P¥ are the actual and the calculated pressure
in the receiver, Mg is the velocity cocfficient, @ is the cvitical
speed of sound, and ¢, and c, are the specific heat. Value A, depends
on the magnitude of q,);oz and the axial velocity uy’; this depenrdence

is given in /3/.

The relative gas discharge in the arbitrary section of the

jet is expressed by formula
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G =Fy A im - (4.2)

Here coefficient A; is a known /3/ of functions a)\oz and

umo. By comparing relationships (4.1) and (4.2) we obtain
e Ay 1 1—al°‘ Ay s ], (l],.3)
Up®= -~ "_“‘_G_o_[n,,,-i- (1 ) 1+a]

If dependence ¢® = & (x°, p°) is substituted here Ly
formulas (0.9), where
p° = — _-.L’m’_ (4.4)
and the following expression is int:roduced

A
7‘—= 1.928 (um®, adp?) (4.5)

then formula (4.3) will appear as:
1 1 — ake? 1\* a 12.4 S (u,,°, ako?)
u = n —_——— 4
o [ et L5 (1 ,.) 1“] st (.0)
In the first approximation function S(um°, a}\oz) wvith

0< alg 2 < 0,7 and v’ < 1 may be considered as a coastant value
S(umo, akoz) ~ 1, with accuracy acceptable for practical purposes.
The calculated curves of attenuation of the axial velocity
in supersonic jets of air,with o.)\oz = 0.311 (i, = 1.5) for several
values of the parameter of incalculability n, are shown in Figure 11;
and “or an instance of a calculated discharge at supcrsonic speed
with a?xoz = 0.644 (i, = 3.0) ave shown in Figure 12, The
corresponding experimental points derived from the works of
B. A. Zhestkov and others /3/ are also presented here.

For the purposec of comparison, a curve of attenuation of the axial

velocity for an isothermic jet of air with an initially low velocity




Figure 11. Calcuiation and experimental data on the change
in the velocity on the axis of a supersonic (MM = 1.5) air f

jet at calculable and incalculable regimes of gischarge;

curves, by calculation; points, by tests of B. A, Zhestkov
and others /3/.
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Figure 12, Calculation and experimental data on the change
in the velocity in the axis of a supersonic (M, = 3.0, p° = 0.356)
air jet; curves, by calculation; points, by tests of B. A, Zhestkov

and others /3/.

(i, ~ 0, p° = 1) is shown in Figure 12. It is evident that the
supersonic jet has a considerably much longer range cffect i, e., at
a given value x° its axial velocity umf is higher than that of a jet
with a lov initial velocity. Analysis of these materials indicates
that the calculations, performed cn the basis of the hypothesis on
the universality of the ejection properties of turbulent jets, also
satisfactorily correspond with known test data for supersonic (in-

clisding the incalculable) jets of air up to the discharge velocity
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of gas corresponiing to Mach numbar M, = 3.

5. Liquid-Gas Jet, In conclusion, let us examine the dis-

charge of a gas jet into a mediuvix filled with liquid drops. The

theory ol this jet is evolved on the bnsis of the author's formula

b >
(2 )na e o [ § o B
initially published in /3/.
Let us attempt to apply our hypothesis to this case, also.
As shown in /3/, the equation of the conservation of momentum leads
to the following relationship between the axial velocity and the
cross-sectionacl area of a liquid gas jet,
um=nNEa (5.2) ‘
where ¥ = 3,85 for an axially symmetric jet. From the equation of !
the conscrvation of momentum of the initial amount of gas, the
following relationship betwcen the concentration of gas on the axis
of the jet and the axial velocity, is obtained: '
Upn = K¥gm (5.3)
where, in the casc of an axially symmetric jet,
K = 1.45.
Further, it is easily seen that the discharge of a liquid

gas mixture in an arbitrary section, may be expressed by formula

G° = 0.428 5 “m (5.4)
428

gm
If instead of value G° we substitute here its dependence on
x° by formula (0.9), then relationship (5.2) and (5.4) will form a ;

closed system of equations which will allow a determination of the
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Figare 13. Comparison of calculatod attenuation curves
of the axial velocity head Ap° pm u 2/p gug? in a jet
of air discharging into Jater (p 90), and in a jet
with a constant density (p° = 1), uith test data for a

liquid gas jet /13/. )

velocity and the concentration and thickness of the mixture on the
axis of the jet.

In some cases the dynamic properties of a liquid gas jet
determined by its velocity head are of interest. As shown in /3/,
the velocity hcad of the mixture on the axis of the main area is
related to the initial velocity head of the air jet and may be ex-

pressed by the following relationship of approximation:

P

Pmum’ ~ Kun® . (5.5)
Pels’

By substituting thc dependence of value uﬁf on x°, which
is determined by relatiounships (5.2) -~ (5.4), for the discharge of

air into vater at a high subsonic speced (p° =~ 650) we finally obtain:

Pmlm® 0.92
g T —43 (5.6)

Comparison of the calculated curve of attenuation of the
velocity head along the axis of the jet by formula (5.6), with the
experinental data derived from reference /13/, indicates (Fig. 13)

an acceptable acccrd between the calculation methed developed here
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and the test, especially if the considerablc scattering of experimental
points as vell as the approximation character of relationship (5.5)

is considered. The dotted line in Figure 13 joins the curves of
attenuation of the velocity head in the initial (x° s 2) and the

main (x° > 5.5) area of the jet, and is traced conditionally.

Comparison of data on the change in the velocity head
along the axis of a liquid gas jet with a corresponding curve for
a subamerged turbulent jet with constant density (p° = 1), as in the
case of a highly heated air jet, points out the invalidity of
L. A, Vulie's /11/ assumption on the universality of the velocity
head fields (impulse flux) in turbulent jets.

It should be noted that in the case of an isotherwmic jet
propagating in the associated flou, the results of the calculation,
based on the hypothesis of the universality of the ejection properties,
with my < 0.35 are very close to calculated ‘'rta obtained cn the
basis of G, W. Abramovich's /3/ theory. But these and other results
are in good accord with experimental data., Hcwever, vhile the
theory of G, N, Abramovich, due to the above indicated reasons,
starts to differ {rom the test data vith the approach of value mg
to one, the hypothesis on the universality of the ejection properties
of the jet in this diapason of the change of parameter m, also com=-
pletely correspoads with the test.

In addition, calculated results by the proposed method
with m, < 0.35 are in satisfactory accord with the theory of jets

developed by the author and published in monograph /3/. This vefers
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to jets discharging from a nozzle at high speed, as well as to
liquid gas jets. However, in this theory observation of aniso-
thermal gas jets was performed with the assumption that the specific

heat capacity c , was constant, but that, at a considerable gas

P
temperature (p° > 3), it already did not correspond with actuality,

If dependence of c, cn the temperature is considered in the cal-

P
culation formulas ag was done here, then the above indicated cor-
respoudence of calculations by the new method and the theory of gas

jets /13/, where expansion of a jet was determined from relationship

[ b i
£~_":‘c_—:"_ (uc$=§pudy / § pdy)

will in all probability be observed, also, in cases of highly
anisothermic gas jets.

If we consider that the hypothesis on the universality of
the ejection properties satisfactorily corresponds with the results
of experimental investigations of jets of essentially variable
densities (plasma, liquid gas and supersonic jets), then the cal-
culation method based on this hypothesis may be accepted as being
sufficiently reliable,

The method proposed here may be used to solve analogous
problems for plane-parallel gas jets, also, Furthermore, the
calculation method based on the hypothesis of the universality of
the ejection properties of turbulent gas jets appears to be also
applicable to jets propagating into an area bound by solid walls

(for example, a mixer chamber of the ejector) during analysis of
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gas jets developing in the drifting side flowv, as wcll as during
examination of problems of turbulent combustion in the {low, 1In
conclusion the aunthor takes this occasion to express his thanks

to G. N, Abramcvich for his very useful suggestions on this article,
and his gratitwde to E, Ya. Firsova for her role in the calcvlaticns,

Submitted 21 - VI1 1960
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